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Intensive intake of whole grain rye has been reported to have positive health effects such as
reduced risk of coronary heart disease and cancer. Therefore it is important to study the
chemical composition of rye in high detail to gain knowledge on the possible mediators
behind the positive health effects.
Metabolomics is a study of small molecules of cellular metabolism, metabolites, which
constitute the metabolome. Metabolome is the end product of both genetic information and
external influence and thus changes in it can be connected to the status of the organism
examined. Measuring metabolite levels in samples can be used, for example, to connect the
noticed positive health effects to a change in metabolite levels, which can further lead to
biomarker discovery. Changes in metabolome are rapid and measuring the metabolome
offers many challenges for analytical platforms and researchers.
In this thesis we isolated and characterized novel compounds from rye bran fractions. The
identified molecules are feruolylated arabinoxylans, which are a component of the plant cell
wall and dietary fibre. Methods used in this thesis involved isolation of unknown metabolites
from rye bran fractions with semi-preparative scale HPLC and characterization of isolated
compounds with liquid chromatography-mass spectrometry (accurate mass, fragmentation)
and 1- and 2-dimensional NMR.
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Täysjyvärukiin runsas käyttö on yhdistetty positiivisiin terveysvaikutuksiin, kuten
pienentyneeseen sepelvaltimotaudin ja syövän riskiin. Tämän takia on tärkeää selvittää
täysjyvärukiin koostumus molekyylitasolla tarkemmin, jotta ehdotettujen terveysvaikutusten
vaikutusmekanismeja voitaisiin tunnistaa.
Metabolomiikka on tutkimusala joka tutkii solun aineenvaihdunnan seurauksena syntyviä
pieniä molekyylejä, metaboliitteja, joista koostuu metabolomi. Metabolomin
koostumukseen vaikuttavat sekä geneettinen informaatio, että ympäristötekijät, ja siten
muutokset sen koostumuksessa heijastavat tutkittavan organismin fysiologista tilaa.
Metabolomiikkaa voidaan käyttää esimerkiksi terveysvaikutusten vaikutusmekanismien
tutkimiseen mittaamalla ja vertaamalla metaboliittitasoja näytteissä ja kontrolleissa, ja
havainnoituja metaboliittitasojen muutoksia voidaan käyttää edelleen biomarkkerien
etsimisessä. Muutokset metabolomissa ovat nopeita ja metabolomin mittaamiseen liittyy
monia analyyttisiä haasteita.
Tässä tutkielmassa eristettiin ja karakterisoitiin uusia yhdisteitä ruislesefraktioista.
Tunnistetut yhdisteet ovat feruloituja arabinoksylaaneja, jotka ovat osa kasvin soluseinää
sekä osa ravintokuitua. Yhdisteet erotettiin ruislesefraktioista preparatiivisella HPLC:lla ja
karakterisoitiin nestekromatografia-massaspektrometria –analyysillä (tarkka massa,
fragmentaatio, kromatografia) ja 1- ja 2-dimensionaalisella NMR-mittauksella.
4ABBREVIATIONS
NMR Nuclear magnetic resonance spectroscopy
MS Mass spectroscopy
GC Gas chromatography
HPLC High-performance liquid chromatography
GC – MS Gas chromatography mass spectrometry
GC x GC – MS Two-dimensional gas chromatography mass spectrometry
FTIR Fourier transform infrared spectroscopy
GC – FID Gas chromatography with flame ionization detector
FT – ICR – MS Fourier transform ion cyclotron resonance mass spectrometry
LC – MS Liquid chromatography mass spectrometry
ESI Electrospray ionization
UPLC Ultra performance liquid chromatography
UPLC  - MS Ultra performance liquid chromatography
CID Collision-induced dissociation
MS / MS Tandem mass spectrometry
LC – LC Two-dimensional liquid chromatography
DBE Double bond equivalent
UV / VIS Ultraviolet – visible spectroscopy
TOF Time of flight mass analyzer
QQQ Triple quadrupole mass analyzer
5qTOF Quadrupole time of flight mass analyzer
MRM Multiple reaction monitoring
EI Electron ionization
COSY Correlation spectroscopy
HSQC Heteronuclear single-quantum correlation spectroscopy
HMBC Heteronuclear multiple-bond correlation spectroscopy
LTQ Linear quadrupole ion trap
6TABLE OF CONTENTS
1. INTRODUCTION ...................................................................................................................... 8
2. REVIEW OF LITERATURE.......................................................................................................... 9
2.1. Overview of metabolomics ................................................................................................. 9
2.2. Experimental strategies applied in metabolomics analysis ................................................ 13
2.2.1. Untargeted metabolite profiling approach .................................................................... 13
2.2.2. Targeted metabolite profiling approach ........................................................................15
2.2.3. Semi-targeted metabolite profiling approach ................................................................16
2.3. Analytical platforms used in metabolomics studies ........................................................... 18
2.3.1. Gas chromatography-mass spectrometry ......................................................................18
2.3.2. Liquid chromatography-mass spectrometry ..................................................................19
2.3.3. Nuclear magnetic resonance spectrometry ...................................................................21
2.4. Sample preparation for metabolomics analysis ................................................................. 22
2.5. Identification of metabolites in metabolomics analysis ..................................................... 24
2.5.1. Mass spectroscopic methods for identification of metabolites ......................................24
2.5.2. Structure elucidation of novel metabolites by NMR ......................................................26
2.5.3. Isolation and purification of natural compounds for structure elucidation .....................26
2.6. Phytochemical composition of whole grain rye ................................................................. 28
3. RESEARCH OBJECTIVES ......................................................................................................... 31
4. MATERIALS AND METHODS .................................................................................................. 32
4.1. Sample material and preparation for semi-preparative chromatography .......................... 32
4.2. Chromatographic method development and semi-preparative isolation ........................... 33
4.3. Molecular characterization of the collected fractions by MS and NMR techniques ............ 34
5. RESULTS ............................................................................................................................... 35
5.1. Solubility of the rye bran fractions .................................................................................... 35
5.2. Semi-preparative isolation of metabolites in extractable fraction...................................... 36
5.3. Semi-preparative isolation of metabolites in unextractable fraction.................................. 37
5.4. Evaluation of the metabolite composition of the collected fractions .............................40
5.5. Identification of the isolated compound in extractable fraction no. 9 ................................ 43
5.5.1. Accurate mass and elemental composition ................................................................... 43
5.5.2. MS/MS fragmentation .................................................................................................. 46
5.5.3 Structure elucidation by NMR .............................................................................................49
75.6 Other isolated compounds from the extractable fraction ........................................................ 52
5.6.1 Molecule with m/z of 589 ...................................................................................................53
5.6.2 Molecule with m/z of 853 ...................................................................................................55
6. DISCUSSION .......................................................................................................................... 57
7. LITERATURE .......................................................................................................................... 60
81. INTRODUCTION
In the post-genomic era there has been a drive for developing methods which could describe
the relationship between the genotype and the phenotype of an organism. Metabolomics is
a field of science which is investigating small molecules (metabolites), the end products of
metabolism in organism, and aims at creation of a connection or explanation between
changes in metabolite levels and the current physiological status of an organism.
Metabolomics along with genomics, transcriptomics and proteomics, constitutes the
systems biology concept aiming at understanding biology of an organism and its response to
genetic perturbations or external stimuli.
In metabolomics experiment small molecules are measured with different analytical
methods to provide a snapshot of the metabolic composition of the sample. Results from
metabolomic experiment describe the condition of the organism at the time of sampling and
can provide important information on for example of the effect of genetic regulation and on
drug and food metabolites. Recent advances in mass spectrometry and NMR (nuclear
magnetic resonance spectroscopy) technologies have made these two analytical platforms
the most important analytical tools in metabolomics. Metabolomics is regarded as the
discipline, which provides the most functional information of the different omics, since it
gives detailed information on the end products of cellular metabolism.
In this thesis the review of literature will concentrate on the basic principles, approaches and
analytical instrumentations used in metabolomics and also methods for identification of
metabolites are reviewed. The experimental part of this thesis is divided into three parts.
Firstly, chromatographic method was developed for isolation of unidentified compounds
from rye bran fractions, next compounds were isolated with the chosen chromatographic
methods, and in the last part the isolated compounds were characterized with MS - and
NMR – spectroscopic methods.
92. REVIEW OF LITERATURE
2.1. Overview of metabolomics
Although many genome sequencing projects have been completed, only minority of
individual genes have a known function. Typically a large amount of information in open
reading frames does not have a known function and for that reason there is an increased
demand for tools, which can produce information on how an organism functions at the
molecular level. Transcriptomics, proteomics and metabolomics are together composing an
approach to this problem, the systems biology, trying to describe the phenotype of an
organism (1). Metabolites are the end products of genetic information which is tranferred
from genome to transcriptome to proteome and finally to metabolome (2, 3). This “flow” of
information is illustrated in figure 1. Unlike for example mRNA molecules which constitute
the transcriptome for providing information for protein synthesis, the cellular metabolites
have a clear biological activity themselves (3). The term metabolome was first used by Fiehn
et al. describing the metabolite complement of living tissue (4) and since then the definition
has been refined as the total quantitative collection of low molecular weight compounds
present in a cell (5).  A few of the key terms used in the field of metabolomics are defined in
table 1.
Figure 1. Metabolomics: an overview.
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Table 1. Definition of terms applied in metabolomics field
Term Definition
Metabolome Total quantitative and qualitative collection of low
molecular weight compounds in a cell
Metabolomics / metabonomics The study of metabolites in a biological system
Metabolite profiling / untargeted
analysis
A  holistic  study  of  a  large  number  of  metabolites
present in a biological system
Targeted analysis A quantitative biased study of a metabolite or a small
number of metabolites
Metabolic fingerprinting A holistic global study of intra-cellular metabolites
Metabolic footprinting A holistic study of extra-cellular metabolites that
remain in culture medium
Metabolome consists of compounds with relatively small molecular weight and excludes
compounds such as proteins and nucleic acids which are characteristic for other fields of
“omics” (6). The metabolome is chemically very diverse and the metabolites belonging to it
provide a wide range of chemical properties, such as low and high hydrophilicity and boiling
point. Because of this chemical diversity the metabolome offers an analytical challenge for
scientists and multiple analytical platforms has to be used for the analysis of the
metabolome (7).  The number of metabolites in plant kingdom has been estimated to
exceed 200 000 (8), which indicates the diversity of metabolites syntethised by plants and
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the challenges that have to be faced in the analysis of plant metabolome (9). In plant
kingdom metabolic diversity consists of primary and secondary metabolites. Primary
metabolites are metabolites that are directly connected to normal growth, development and
reproduction and altering levels of these metabolites would affect organism´s normal
behavior. Secondary metabolites are produced for communication with environment
(attraction of pollinators, protect from diseases), and they  do not have direct effect to
normal growth or development and the absence of a certain metabolite would not result in
immediate consequences, but rather long-term impacts on organisms function (8, 10).
Metabolism can be considered as the sum of catabolic and anabolic reactions of metabolites
and other biochemicals, which have an influence on metabolism. These metabolites include
both endogenic metabolites, which are synthesized and metabolized inside the body and
exogenic  metabolites  that  are  imported  into  the  metabolic  system.   The  composition  and
quantity of metabolomes responds to different external or internal stimulations to adapt the
organism into the new conditions, and therefore metabolomes are in constant change and
can be considered to be highly dynamic (7). In plant kingdom secondary metabolites often
play an important role as a defense chemicals or in communication, and thus metabolites
are a way to adapt into chancing conditions in their surroundings. For example if a fungus
attacks a plant, the plant will defense itself against the attack by altering metabolite levels
that can resist the attack (8, 10). A well known example of a group of secondary metabolites
in plant kingdom, that have a role in plants defense mechanism, are alkaloids. The role of
alkaloids in plants is not fully resolved, but most of the functions are connected to
protection. In human alkaloids have hallucinogenic effects and are very commonly used as
drugs, both in medicine and for abuse. In medicine for example cocaine can be used as an
anesthetic, and morphine and codeine as an analgesic. All of these previously mentioned
alkaloids provide a euphoric feeling for their user and are therefore very common drugs of
abuse  (11).  Similarily  as  for  plant  metabolite  levels,  also  human  metabolome  responds  to
different stimulations. The endogenic metabolite levels are reflecting for example the
genome and age, but they are also regulated by various other factors like the health status
of physical exercise. In addition the exogenic metabolites have a significant effect on the
individuals metabolome. Common exogenic metabolites are nutrient or drug metabolites,
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which have a two phase metabolism inside the body. In phase I drugs undergo
biotransformations to increase their reactivity and in phase II their hydrophilicity is increased
to aid secretion (7).
Metabolomics experiments consist typically of sampling, sample preparation, instrumental
analysis (data acquisition), data processing and data interpretation. A general workflow for
characterization  of  a  metabolite  is  shown  in  figure  2.  Most  commonly  used  analytical
techniques are mass spectrometry analytics coupled to chromatographic separation systems
and nuclear magnetic resonance spectroscopy (NMR). The raw data acquired from these
instruments can be highly complex and contain huge amount of information and therefore
processing of metabolomics data into a reliable form is an important step in a metabolomics
experiment (5). To fulfill the needs of these experiments, experts from different fields of
science, such as analytical chemistry and biochemistry, are required (7).  Information from
metabolomics experiments can be connected to data from transcriptomics and proteomics
experiments and in that way metabolomics, together with other omics, is working towards
better understanding of biological systems (12, 13).
Figure 2. Metabolomics workflow for characterization of unknown metabolite
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2.2. Experimental strategies applied in metabolomics analysis
Oliver Fiehn (2002) defined four types of approaches for the analysis of the metabolome. He
suggested that assays could be divided into target analysis, metabolite profiling,
metabolomics  and  metabolic  fingerprinting  (12).  Later  on  it  is  concluded,  that  from  a
methodological point of view there are practically two types of analyses: targeted and
untargeted (metabolite profiling) analyses (7, 14), but recently there has also been
suggestions for a third type: semitargeted. The two first mentioned strategies have different
main principles. Whereas untargeted studies can be performed without almost any prior
knowledge on the sample metabolome and can result in creation of novel hypotheses,
targeted studies test pre-existing hypothesis and are performed on a known metabolite or
narrow group of metabolites (7). Experimental strategies approaching various parts of the
metabolome with different focus are illustrated in figure 1.
2.2.1. Untargeted metabolite profiling approach
The objective of untargeted analysis, or metabolic profiling, is to characterize the metabolite
content in the taken sample with the chosen analytical methods, ie. provide the metabolic
profile that characterizes the sample metabolome (14). Experiment is designed to acquire
data from a wide range of metabolites from different metabolic pathways and therefore
sample preparation needs to be carefully designed to prevent chemical bias. Number of
metabolites analyzed and detected in metabolic profiling experiment can be ranging from
hundreds to thousands. The profiling studies are typically performed as comparative assays
between control and treatment without the use of commercial standards (7).
Untargeted approach can be further divided into metabolic fingerprinting and metabolic
footprinting. In metabolic fingerprinting intracellular metabolites are scanned with the
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analytical instrument of choice to obtain a metabolic profile for the given sample (14).
Raamsdonk et al. published a study in 2001 where they used metabolic fingerprinting for
detecting of differences between mutated yeast strains (15). They started their research
with the assumption that a mutant line does not necessarily have an overt chance in
phenotype. In such case the visible change in phenotype, such as growth rate, would be
compensated with a change in concentrations of metabolites, which have an effect on the
same property, but are not related to the mutation, to hinder the visible effects of the
mutation. Based on this information mutations, that are silent and do not show a clear
chance in phenotype, can be distinguished with measurement of metabolite concentrations.
This approach also gives information on the role of the mutated gene in metabolic network.
Researchers proved this assumption by examining the effects of gene deletions in yeast with
NMR and statistical methods and showed that these genes were silent in terms of growth
rate phenotype, but they showed differences in intracellular metabolite concentrations
when compared to the wild type.
In metabolic footprinting only extracellular metabolites are measured from the culture
medium. This technique not only gives information on metabolites that are secreted by the
organism, but also information on medium components, that are not part of the organisms
normal metabolism, and have been biochemically transformed by the organism (14).
Metabolic footprinting was applied in discovering the differences between profiles of
secreted metabolites of normal and tumorgenic human bladder cells (16). They compared
the metabolic profiles obtained by traditional GC-MS and two-dimensional GX x GC-MS from
supernatant of both nontumorigenic and tumorigenic cell cultures with multivariate data
analysis techniques. Results showed significant differences in metabolic phenotypes of both
cell lines and further twenty metabolites were evaluated to be statistically different between
these cell lines. These metabolites revealed metabolic pathways which have been perturbed
in tumorigenic cell line when compared to nontumorigenic cell line.
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2.2.2. Targeted metabolite profiling approach
Targeted studies can be thought as the opposite to metabolic profiling where the objective is
to monitor the whole metabolic profile from a sample. Vice versa, in targeted studies
experiment is designed to address one or a limited number of metabolites which often share
chemical properties. For targeted studies it is characteristic that multistep sample
preparation is used to separate target metabolites from the sample matrix to produce
accurate  data  for  the  chosen  analytes  (7,  14).   Targeted  analysis  is  a  very  useful  tool  for
analyses which need extreme sensitivity, such as studying the primary effect of a genetic
alteration (12, 14).
Aussenac et al. studied the monophosphate nucleotide composition of Champagne wine
with  mass  spectrometry  based  targeted  approach  (17).  They  showed  that  it  is  possible  to
identify mophosphate nucleotides from Champagne wine, even though they are found in
small concentrations in a complex matrix. They designed an isolation method biased strongly
towards monophosphate nucleotides and analyzed samples with a LC-MS-MS system (triple
quadrupole), which was set to follow only ions and losses that corresponded to the ones
noticed with the reference compounds. As a result researchers created a reliable procedure
to analyze monophosphate nucleotides from Champagne wine and they also speculated that
some of these nucleotides could possibly be used as an aging marker to determine the
changes that wine undergo in different aging periods.
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2.2.3. Semi-targeted metabolite profiling approach
Semi-targeted approach is an intermediate form of targeted- and untargeted approach that
has been proposed by Dunn et al. (2010) to be an individual experimental strategy albeit it
shares properties from both untargeted and targeted approaches. Semi-targeted approach
assumes that the biological response of an organism will be reflected into certain
metabolites that will be followed throughout the analysis. Semi-targeted experiment is
designed  with  more  chemical  bias  towards  a  certain  chemical  properties  (or  a  certain
metabolite class) to obtain a more focused picture of the sample metabolome. The
experiment is designed to provide greater amounts of metabolites than in targeted
approach, but fewer than in metabolic profiling and therefore chemical standards can be
used and identifications done (7).
A semi-targeted level experiment was published by Sabatine et al. in 2005, where they
identified novel biomarkers of myocardial ischemia (18). They analyzed blood samples
obtained before and after exercise from 36 patients, from which 18 had had inducible
ischemia cases and 18 did not have such history. Profiling was done with a triple quadrupole
for a total of 477 parent/daughter ion pairs under selected reaction monitoring conditions.
Results showed significant changes in circulating metabolites after exercise stress and the
changes was further localized to metabolic pathways.
Another good example of a semi-targeted experiment was presented by Oberbach et al in
2011. They published a study where proteomics and targeted metabolomics was combined
for identification of circulating factors that discriminate healthy lean from healthy obese
individuals (19). Plasma samples from both healthy lean and healthy obese were analyzed
with proteomics methods and by a metabolomics approach for 163 metabolites. In their
analysis, the metabolomics experiment indicated that 12 metabolites have a significant
relation with obesity. When the results from metabolomics and proteomics experiments
were combined to an integrated bioinformatics evaluation, it produced a clearer
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discrimination between different groups than a single omics approach. This improved
discrimination could be due to an increased number of samples, but also the complementary
nature of metabolome and proteome was considered. Whereas concentration of
metabolites undergo rapid chanced to stimulations, the changes in circulating proteins are
not so rapid and they reflect long-term adaptations better than metabolites.
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2.3. Analytical platforms used in metabolomics studies
The development of analytical instruments to study chemicals in 20th century has led to the
possibility to use very sensitive and accurate instruments for the analysis of the metabolome
(3, 5). Current and most promising analytical platforms in the field of metabolomics include
different mass spectroscopic methods and nuclear magnetic resonance (NMR) spectroscopy
(3,  7,  14).  There  has  also  been  studies  which  have  shown  the  possibility  to  use  other
spectroscopic techniques, like fourier transform infrared (FTIR), gas chromatography with
flame ionization detector (GC-FID) and raman spectroscopy, for metabolite detection and
metabolic fingerprinting (20, 21), but these techniques are not nearly as popular as the ones
mentioned earlier. The metabolome is very diverse and includes molecules with different
chemical properties. This is why no single method can be used for analysis of all metabolites
and compromises must be made (10). Each analytical approach has its own advantages and
disadvantages and is therefore chosen to match the criteria of the research (7).
2.3.1. Gas chromatography-mass spectrometry
GC-MS has been described as the gold standard in metabolomics (13). It is the most mature
platform and has been developed and used for decades (22). Great amounts of metabolomic
data has been gathered and collected into databases which makes metabolite identifications
in GC – MS based metabolomics much easier than in the newer approaches utilizing LC – MS
based  analytics  (5,  23).  GC-MS  has  very  high  separation  efficiency  which  can  resolve  very
complex biological mixtures and it is also capable to identify compounds reliable (14). GC-MS
platform is capable to simultaneously profile several hundred compounds with different
functionalities (24). One advantage of the GC-MS platform over other platforms is its ability
to directly analyze volatile compounds either from collected samples or for example from
exhaled breath (3, 24).
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GC-MS is suitable for low molecular weight and volatile compounds, tough trough chemical
derivatization also many semi volatile compounds can be analyzed. This is also a major
drawback  for  GC-MS  because  most  natural  metabolites  are  not  volatile  enough  to  be
analyzed directly with a GC-MS system, and this increases the analysis time and causes more
sample handling (7, 14). In GC-MS based metabolomics electron impact (EI) ionization is the
typical ionization method of choice. Electron ionization is a quite harsh ionization method
and provides fragmentation patterns which can easily be reproduced under similar
conditions. Standard fragmentation pattern enables metabolite identification via
interpretation of fragment ions or via library searches. Even though mass spectral libraries
are quite large and contain plenty of entries, one cannot expect to find all metabolites from
databases and therefore manual interpretation is still needed for structural identification (5).
2.3.2. Liquid chromatography-mass spectrometry
The development and coupling of liquid chromatography (LC) to mass spectrometry (MS)
with electrospray ionization (ESI) and atmospheric-pressure chemical ionization (APCI) has
led it to become the single most important analytical instrument for biomolecules (14). ESI-
LC-MS instruments can analyze molecules with molecular weight from 10 to 300 000 with
different chemical characterizations, so it is applicable not only for small molecule analysis,
but also for macromolecules (3). LC-MS system simplifies the sample preparation needed by
GC-MS system, and thus majority of samples are prepared with straightforward extractions,
only a simple dilution into appropriate solvent is enough to make a sample (5). With LC-MS
systems, and especially with modern day ultra-performance liquid chromatography (UPLC) –
MS systems, both high mass accuracy and high resolution can be achieved, both of which are
important aspects in metabolomics. Minor drawback is that despite the development of
UPLC-methods, liquid based methods still can`t match the resolution achieved with gas
chromatographs (24).
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LC-MS can be used for both targeted analysis and for metabolic profiling in standard MS
mode, where no fragmentation is done and molecular ions are observed. When used with
collision induced dissociation (CID), in so called MSn mode,  it  offers  a  good  platform  for
indentification of target metabolites with low concentrations. LC-MS is an important tool for
metabolic profiling because it offers the possibility to detect complete spectroscopic
characterization of metabolites with different chemical properties from a complicated
sample matrix in a single run (14, 25).  Recorded spectroscopic data can be further used for
characterization and identification of unknown compounds. Generally LC-MS based methods
are playing an increasing role in plant metabolomics and offer a great amount of data to be
analyzed (25, 26).  They have partly replaced conventional GC-MS systems in metabolic
profiling and thus reduced time and money consuming sample handling (14).
The development of analytical instrumentation and –methods has enabled chromatographic
resolution which enables LC-MS metabolomics. However, the separation of analytes present
in complex samples should be even further improved (27). Multidimensional LC - LC
separation methods have been under rapid development and gained increasing popularity in
proteomics. This strategy is also taught to have great potential in metabolomics in the future
(6, 27).
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2.3.3. Nuclear magnetic resonance spectrometry
1H nuclear magnetic resonance (NMR) spectroscopy has been used as a major tool in plant
metabolomics (28) as well as in mammalian metabolomics (29, 30). It benefits from being
reproducible, quantitative, non-sample destructive and, unlike other profiling methods, non-
selective. NMR spectra offers large amount of specific structural information and enables
metabolite identification through spectral interpretation of chemical shifts and coupling
constant  (7,  27).  In  addition  to 1H NMR- also 13C NMR-spectroscopy has been used in
metabolomics. However because of the low abundance of 13C in nature, NMRs low
sensitivity becomes a major problem with other nuclei’s than 1H (27). The lack of sensitivity
is the biggest disadvantage with NMR based metabolomics, and therefore new technologies,
such as cryoprobes and higher magnetic field instruments are favored (28).
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2.4. Sample preparation for metabolomics analysis
Because of the many choices in analytical instrumentation for metabolomic experiments and
the differences between them, also procedures used in sample preparation depend on the
analytical  instrument  of  choice.  For  LC  -  MS  based  analytics  samples  are  introduced  as
liquids, and in sample preparation the solvents used depend on analytics and chosen
approach. For GC – MS system molecules have to be volatile to be separated in GC column
and therefore non-volatile molecules are chemically derivatizated before introducing them
into the GC – MS system. For NMR the sample preparation is probably the easiest among
these analytical platforms, a simple dilution of a soluble sample into a NMR solvent is
enough to make a sample. The objective in sampling for metabolomic experiment is to
ensure that the sample is a representative of the metabolome at the time of sampling. Some
part of the metabolome can be highly dynamic and changes in metabolomic response are
measured in seconds, rather than in minutes (7).  Because of rapid responses in the
metabolome sampling must be made with great caution to ensure reliable and reproducible
results (5, 6).
Sample matrices in plant metabolomics can vary from fragile leaves to robust roots. Sample
preparation method must thus be designed for each case separately (2). First key step in
sample preparation is immediate quenching of all metabolism. When harvesting a sample
the part of the organism used for sampling is damaged resulting in quickly changed
metabolism, and therefore has to be quenched quickly (28). This can be done by rapid
changes in pH or temperature and freezing with liquid nitrogen is the most common way for
quenching (14). Second critical step in sample preparation is the extraction of metabolites.
Usually traditional liquid extraction methods are used and a wide variety of solvents can be
applied to cover the wide chemical properties, such as hydrophilicity and hydrophobicity, of
different metabolites. Usually it is not possible to dissolve all metabolites into one solvent
and therefore the solvent has to be chosen to match the properties of the analyzed
metabolites. It is also important to keep the analytical method in mind when choosing
solvents  for  metabolic  extractions  to  avoid  unnecessary  steps  in  sample  preparation  (27).
The basic requirement of sample preparation is that it is not biased towards any chemical
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entity. Therefore care must be taken to remain physicochemical properties of the final
samples constant over the whole sample set (2).
In many cases metabolites are too diluted after extractions and samples must thus be
concentrated prior analysis. Solvents can be either fully or partly removed from the sample.
A commonly used method freeze-drying is used to remove water from aqueous samples.
This technique combines deep-freezing and dehydration and can be considered as a soft
evaporation technique. Also other evaporation methods are used, like evaporation under
vacuum, but this method is much more time consuming than freeze-drying (14).
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2.5. Identification of metabolites in metabolomics analysis
Identification of analyzed metabolites is the most demanding part of metabolomics analysis
(7, 31). The use of MS and NMR-spectroscopy provides a powerful platform for structure
elucidation of different metabolites, especially when compared against pure standard
compounds. In case the identification needs to be done manually it requires time and expert
level knowledge (7, 32). Usually chemical identification is done only to molecules of special
interest, because if all the metabolites would be addressed, automated processes would be
a necessity to analyze hundreds or thousands of metabolites, and such systems do not exist
so far (7). The advanced modern NMR- and MS-instruments are capable of providing high
mass accuracy information that is very useful in the identification process, but additionally
simple and informative data can be obtained with a simple double bond equivalence (DBE)
calculation, which gives the number of double bonds and rings in a molecule, and with more
traditional spectroscopic methods like Fourier transform infrared (FTIR)- and ultraviolet-
visible (UV/VIS) spectroscopy (32). Full confirmation of molecular structures and
stereochemistry typically requires the use of many analytical instruments if no standard
compounds are available for identification (33).
2.5.1. Mass spectroscopic methods for identification of metabolites
High mass accuracy spectroscopic instruments offer an easy and fast method for
determining compounds accurate mass and elemental composition (34). The mass accuracy
of the instrument has a significant role in generation elemental composition, because the
number of possible compositions reduces highly when mass accuracy is improved. Modern
orbitrap or  time-of-flight  (TOF)  instruments have mass accuracy of  1 – 2 ppm (35,  36)  and
produce very accurate molecular formulas not only based on molecular mass, but also based
on isotope distribution pattern (33). Molecular formula and accurate mass are not enough to
make assumptions on molecules structure and therefore fragmentation mass spectra is
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usually generated (7). Fragment ion mass spectra has traditionally been acquired with a
triple quadrupole (QQQ) instruments, which offers good reproducibility and sensitivity, but
can also be done with hybrid instruments like quadrupole time-of-flight (qTOF). In multiple
reaction monitoring (MRM) experiment, the first quadrupole is selecting the parent ion
(metabolite of inters), the second quadrupole works as a collision cell where parent ion
collides and breaks down into fragments, and the third quadrupole (or TOF in a qTOF
system) observes the desired product ion (37). Even when fragment ion mass spectra can be
highly specific and provide a lot of useful information for structure elucidation, it cannot be
regarded  as  full  identification  even  with  accurate  mass  and  molecular  formula,  because  it
doesn´t provide any information on molecules stereochemistry (7).
One possibility to identify metabolites is to compare their fragmentation pattern to those in
databases and earlier publisher research on similar compounds (7). There are many
databases available for both LC – and GC – MS based metabolomics, which offer
fragmentation data with various instrument settings (23, 38). These databases are especially
useful with GC-MS with electron impact (EI) ionization, because GC-MS has been used for
metabolomics much longer than LC-MS based instruments and thus much more gathered
information is  available.  Also,  as  a  rigorous ionization method,  EI  breaks the molecule into
characteristic fragments which can be reproduced with virtually any GC-MS instrument
equipped with EI (2, 34). However this is not the case with LC-MS equipped with
electrospray ionization (ESI) and collision induced dissociation (CID). With ESI the ionization
can be done by adding or by removal of a proton or other species in many locations of the
analyzed molecule and the location of ionization will also influence the fragmentation of the
molecule. With CID fragmentation can be done with different collision energies to produce
different fragmentation patterns (39). Fragmentation with CID is not exact, like in case of EI,
and varies with different instrument parameters. To address the differences in the ionization
techniques there are a few databases such as METLIN, which have started to collect
fragmentation data with different instrumental parameters (38).
26
2.5.2. Structure elucidation of novel metabolites by NMR
NMR  is  the  major  analytical  technique  used  for  structural  elucidation  of  small  organic
molecules (2, 40) and it is applied in laboratories across the world (7). NMR detects
magnetically active nucleis 1H, 13C, 15N, 17O and 31P from which biological molecules are
almost entirely composed of (3). Since biological samples almost always have overlapping
signals in NMR spectra, the spectral data is often interpreted using two-dimensional (2D)
techniques (3, 7, 31, 40). Metabolite identification with NMR involves recording of several
hetero- and homonuclear two-dimensional spectras (7, 32, 41). Homonuclear experiments
examine the correlation between two nucleis of same type (usually protons) and
heteronuclear experiment examines the correlation between different nucleis such as 1H and
13C.  Usual spectras recorded for structure elucidation are 1H (proton spectra), correlation
spectra (COSY) and heteronuclear single quantum coherence spectroscopy (HSQC) and/or
heteronuclear multiple bond correlation spectra (HMBC) (7, 32, 40, 41). Basic 1D 1H spectra
reveals most of spectral features while examining COSY shows coupling between protons
and HSQC and HMBC investigates coupling between protons and other nucleis (7, 40).
Careful inspection of obtained spectra’s offers the opportunity to elucidate not only the
skeletal connectivity of unknown compound, but also the relative stereochemistry of the
desired compound (40).
2.5.3. Isolation and purification of natural compounds for structure elucidation
Extraction is a crucial step when isolating and purifying naturally occurring compounds in
plants. Plant matrix is very complex and ranges compounds with different chemical and
physical properties and requires therefore wide variety of extraction methods. Extractions
are made to isolate the desired compounds from excess plant material for further separation
and characterization. The main principle in isolation of natural compounds is to remain the
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original activity of the desired compound and that is why while processing plant material
care must taken not to lose or destroy any potentially bioactive compounds (42, 43, 44).
The analytical procedure of extraction usually involves extractions with various solvents.
After extractions analytes with different physicochemical properties are left in different
extracts and can be further separated (45). For extraction of hydrophilic compounds, polar
solvents such as methanol or ethanol are used. Extraction of more lipophilic compounds
usually involves extraction with dichloromethane or with a mixture of dichloromethane and
methanol in ratio 1:1. One efficient way of starting extractions is to separate acids, bases
and neutrals from each other with a pH dependent extraction (42). Other “modern”
extraction methods like solid-phase extraction, supercritical fluid extraction and pressurized
fluid extraction have an advantage over conventional techniques because they reduce
solvent consumption, sample handling and degradation and ease of automation to name a
few (44, 46).
Preparative scale HPLC has become a commonly used technique for isolation of most classes
of natural products (47). Preparative scale HPLC differs from traditional analytical scale
chromatography mainly in its objective. Whereas analytical HPLCs goal is to identify or
quantify analytes, in preparative HPLC the goal is to isolate analytes in sufficient amounts
(48). Preparative HPLC is a very rapid and robust technology which can handle samples with
complicated matrixes. Purification of natural products with HPLC usually uses one of
following chromatography types: normal-phase, reverse-phase, gel permeation
chromatography or ion exchange chromatography from which reverse phase
chromatography is the most commonly used (47, 48). In reverse-phase chromatography the
stationary phase is more hydrophobic than the solvents used. A normal mixture of solvent
used for preparative chromatography consists of water and organic solvent such as
acetonitrile. Reverse-phase HPLC can be applied to most classes of natural compounds and is
therefore usually the first method used when attempting to purify compounds from complex
sample mixtures (47).
28
2.6. Phytochemical composition of whole grain rye
Whole grain rye, among other whole grains, contains many health promoting components
such as dietary fiber, vitamins and phytochemicals which include phenolic compounds,
antioxidants and lignans (49, 50).  Greater intake of food rich in dietary fiber has been
described to have health benefits which reduce the risk of coronary heart disease and cancer
(51,  52),  and  also  a  connection  between  increased  daily  intake  of  rye  bread  and  lowered
cholesterol level in men has been published (53). Identification of phytochemicals in whole
grains and linking them with the proposed health benefits is a challenge (49) and a lot of
effort for novel identifications of phytochemicals has been made recently (53, 54).
Phenolic compounds include in general compounds that contain a benzene ring with one or
more hydroxyl groups attached to it (49) and they usually have the ability to scavenge free
radicals (55). Phenolic acids belong to the family of phenolic compounds and are divided into
two classes: derivatives of benzoic acid and derivatives of cinnamic acids (56). The most
abundant phenolic acids in rye belong to cinnamic acids and are namely ferulic acid, sinapic
acid and p-coumaric acid (57). Other major phytochemical classes in rye are lignans,
tocopherols, folates, plant sterols and alkylresorcinols all of which have been associated with
health promoting effects (58). There has also been a recent characterization of novel
molecules  from  whole  grain  rye  which  belong  to  the  class  of  benzoxazinones,  but  the
relevance of these compounds to health will need further studies (59). Major phytochemical
classes and examples of their molecular structures are illustrated in table 2.
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Table 2. Major phytochemical classes in rye with example compounds


















The purpose of this study was to isolate novel compounds from rye bran fractions with semi-
preparative chromatography, and to characterize their molecular structure with NMR – and
mass spectroscopic methods. Whole grain rye has many proposed beneficial health effects
and therefore it is important to explore its phytochemical composition in more detail. In
recent studies the phytochemical composition of whole grain rye has been characterized
(54, 59) and these studies have also revealed compounds that could not be identified against
databases and needed more accurate characterization undertaken in this thesis.
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4. MATERIALS AND METHODS
4.1. Sample material and preparation for semi-preparative chromatography
Sample material used in this study was previously prepared in VTT (Technical Eesearch
Center of Finland). In short, rye bran samples were extruded and hydrolyzed with xylanase
to release components from the bran matrix. A 10 % water suspension of extruded rye bran
was subjected to xylanase enzyme (Econase, AB Enzymes GmBH, Darmstadt, Germany), 5
U/g bran, 40 °C, for 21.5 h and cooled to 12-16 °C, followed by centrifugation and separation
to extractable (water soluble) and unextractable (solid residue) fractions. The metabolites in
the extractable fraction were further purified by column chromatography (Amberlite XAD 8
HP) and eluted with ethanol. Both fractions were freeze-dried and stored at -80 °C (60).
 Solubility  of  both  fractions  was  tested.  For  extractable  fraction  the  solubility  to  different
concentrations of methanol was tested and monitored with iontrap mass spectrometry
(Thermo Fischer Finnigan LTQ, ESI(-) ionization, agilent 1200 series HPLC –equipment) in
following conditions: 5 – 28 % B ( A = 0,1 % formic acid, B = acetonitrile) in 22 minutes, 28 –
40 % B in 0,5 minutes, 40 – 100 % B in 0,5 minutes and 100 – 5 % B in 0,5 minutes. Prior
analysis samples were centrifuged (Eppendorf 5804R) and filtered (Millipore 0,45 µm PVDF).
For unextractable fraction the solubility to different solvents was tested and observed
visually.
Sample preparation for chromatographic method development and –isolation was made as
follows. For extractable fraction the freeze-dried sample was dissolved into water with 0,1 %
formic  acid  in  ratio  1g  /  6  ml  solvent  and  incubated  in  ultrasonic  bath  (Bransonic  3510E-
MTH) for 1 h. For unextractable fraction the freeze dried sample was extracted with ethanol
for 30 minutes in ultrasonic bath (Bransonic 3510E-MTH). The extracted sample was
centrifuged (Eppendorf 5804R) at 10 000 rpm for 10 min and the supernatant was removed
and the extract residue was hydrolyzed with 2.5 M NaOH for 3 hours in room temperature.
pH of the hydrolyzed extract residue was adjusted to 1 – 2 with 6 M HCL and the sample was
extracted twice with  ethyl acetate. Supernatant was evaporated into dryness with rotavapor
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(Heidolph Laborota 4000) and redissolved into a mixture of water and acetonitrile. Samples
from  both  fractions  were  filtered  (Millipore  0,45  µm  PVDF)  before  injections  into  HPLC  –
systems.
4.2. Chromatographic method development and semi-preparative isolation
For both, unextractable and extractable fraction, method development for semi-preparative
scale isolation was made with iontrap mass spectrometry (Thermo Fischer Finnigan LTQ,
ESI(-)  ionization,  agilent  1200  series  HPLC  –equipment)  with  a  150  x  4,6  mm  C18  column
(Phenomenex Gemini-NX 110A) and the semi-preparative isolation was made with a
Shimadzu SCL-10A semi-preparative HPLC –system with a preparative 150 x 21,2 mm C18
column (Phenomenex Gemini-NX 110A). Fractions were collected in 30 second intervals with
automatic  fraction  collector  (Shimadzu  FRC-10)  and  UV-spectras  were  acquired  in
wavelengths 214 and 254 nm. All collected fractions were evaporated into a volume of 1-2
ml with nitrogen evaporator (Organomation Associates Inc N-EVAP 112) or with rotavapor
(Heidolph Laborota 4000), and further into dryness with lyophilization (Thermo Savant
modylyoD-230).
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4.3. Molecular characterization of the collected fractions by MS and NMR techniques
The metabolite content of each collected fraction was analyzed with iontrap mass
spectrometry (Thermo Fischer Finnigan LTQ, ESI(-) ionization, agilent 1200 series HPLC –
equipment) with a 50 x 2,00 mm 5 µm column (Phenomenex Gemini 110A). For extractable
fraction  the  chromatographic  conditions  were:  10  –  100  %  B  (A  =  0,1  %  formic  acid,  B  =
acetonitrile) in 1,5 min, 100 – 100 % B in 0,5 min, 100 – 10 % B in 0,5 min and 10 – 10 % B in
2,5 min and for unextractable fraction: 30 – 100 % B in 1,5 min, 100 – 100 % in 0,5 min, 100 –
30 % B in 2,3 min and 30 – 30 % in 1,7 min.
Metabolite analysis of the fractions was done with a UPLC-qTOF-MS instrument (Agilent
6450 UHD accurate mass Q-TOF, ESI(-) ionization, Agilent 1290 series HPLC) with a 2,1 x 50
mm 1,8 µm C18 column (Agilent zorbax SB-C18). For extractable fractions the
chromatographic conditions were: 5 – 90 % B (A = 0,1 % formic acid, B = acetonitrile) in 3
min, 90 – 90 % B in 3 min, 90 – 5 % B in 0,1 min and 5 – 5 % in 2,9 min and for unextractable
fractions: 20 – 70 % B in 3 min, 70 – 70 % B in 3 min, 70 – 20 % B in 0,1 min and 20 -20 % B in
2,9 min. Exact masses, elemental compositions and MS/MS fragmentations were observed
with Agilent MassHunter Qualitive analysis software.
The fractions that showed the greatest purity in mass spectrometry were analysed with NMR
for elucidation of the correct molecular structure. Proton (1H) and several two – dimensional
spectras were recorded with Bruker Avance DRX 500 spectrometry. Before analysis the




5.1. Solubility of the rye bran fractions
Solubility  of  the  processed  bran  fractions  were  tested  to  different  solvents  or  solvent
concentrations to find out the best conditions for sample preparation. For extractable
fraction no significant differences in solubility were observed when concentration of
methanol  in  water  with  0,1  %  of  formic  acid  was  raised  from  0  to  100  %.  As  a  conclusion
water with 0,1 % of formic acid was used for sample preparation, and it was also used as a
starting eluent in chromatography.
For unextractable fraction there were only slight differences in solubility between different
solvents. Inspection of solubility was done visually and no analytical methods were used. The
unextracrable fraction was not completely dissolved in any of the tested solvents, and no
significant differences in solubility were observed. Therefore ethanol as a good general
solvent was decided to be used for the extractions to dissolve any residual compounds
remaining in the unextractable matrix. Solubility of the unextractable fraction to different
solvents is shown in table 3.
Table 3. Visually inspected solubility of unextractable fraction to different solvents.
Solvent Solubility
Diethylether no noticeable solubility
Ethanol minor solubility
Methanol minor solubility
Acetonitrile no noticeable solubility
Dichloromethane no noticeable solubility
Dimethylsulfoxide minor solubility
Acetone no noticeable solubility
Ethylacetate no noticeable solubility
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5.2. Semi-preparative isolation of metabolites in extractable fraction
The redissolved extractable fraction samples were subjected to semi-preparative
chromatography to isolate metabolites for structural characterization by NMR. For
extractable fraction a targeted approach was selected as a research method to identify
unknown compounds observed in a previous study (K. Hanhineva, personal communication).
The primary target for HPLC method development for compound isolation from extractable
fraction was to create a gradient that would separate compounds with molecular ions of
395, 485 and 721 m/z (ESI-) from sample matrix as efficiently as possible. Method
development  yielded  the  following  chromatographic  conditions:   10  –  22  %  B  (A  =  0,1  %
formic acid, B = acetonitrile) in 2 min, 22 – 25 % B in 7 min, 25 – 30,5 % B in 1 min, 30,5 –
32,5 % in 5 min, 32,5 – 60 % in 1 min, 60 – 100 % in 1 min, 100 – 0 % B in 1 min and 0 – 10 %
B in 1 min. Base peak ion chromatogram of extractable fraction is shown in figure 3. and
UV/VIS chromatogram in figure 4.
Figure 3. Base peak ion chromatogram of extractable fraction in HPLC-MS
RT: 0.00 - 20.04
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Figure 4. UV/VIS chromatogram at wavelengths 254 and 214 nm for extractable fraction
5.3. Semi-preparative isolation of metabolites in unextractable fraction
For unextractable fraction, a more holistic approach was chosen as a research method
because no previously noticed target molecules were available. The whole fraction was first
divided into three parts with the semi-preparative HPLC in following conditions: 5 – 100 % of
B (A = 0,1 % formic acid, B = acetonitrile) in 30 minutes with total flow of 20 ml/min. Sample
was collected in three parts: 1. 0 – 10 min, 2. 10 – 20 min and 3. 20 – 30 min. The three
fractions were analyzed with iontrap mass spectrometry and it was decided, that due to
limited schedule only the 2nd fraction (collected between 10 – 20 min of the preparative run)
would continue to further purifications because it showed clear signals in mass spectrometry
that  could  be  separated  efficiently.  Base  peak  ion  chromatogram  for  the  entire
unextractable fraction is shown in figure 5 and UV/VIS – chromatogram in figure 6.
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Figure 5. Base peak ion chromatogram of the whole unextractable fraction in HPLC-MS
Figure  6.  UV/VIS  –  chromatogram  at  wavelengths  254  and  214  nm  for  the  whole
unextractable fraction
RT: 0.00 - 32.00
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Method development for 2nd fraction was made to provide the best separation possible for
the  most  abundant  signals  and  yielded  the  following  conditions:  38  –  58  %  B  (A  =  0,1  %
formic acid, B = acetonitrile) in 20 min, 58 – 100 % B in 0,5 min and 100 – 38 % B in 0,5 min.
Base  peak  ion  chromatogram  of  the  2nd fraction from unextractable fraction is shown in
figure 7 and UV/VIS chromatogram in figure 8.
Figure 7. Base peak ion chromatogram for collected fraction 2 from the 1st separation from
unextractable fraction
RT: 0.00 - 21.00
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Figure 8. UV/VIS – chromatogram at wavelengths 254 and 214 nm for the 2nd fraction from
the unextractable fraction
5.4. Evaluation of the metabolite composition of the collected fractions
The composition of the metabolites in each of the collected fractions was evaluated in order
to find the purest fractions containing unknown compounds for the structural analysis. The
evaluation of the fractions was performed by iontrap mass spectrometry, and it showed
several pure fractions for further analysis from both extractable and unextractable bran
samples. An example of a “pure” fraction chromatogram, that contains one major
compound, is shown in figure 9 and the same from a non-pure fraction that contains a
mixture of compounds in figure 10.
41
Figure 9. An example of a chromatogram from a fraction that contains only one compound
Figure  10.  An  example  of  a  chromatogram  from  a  fraction  that  contains  a  mixture  of
compounds
Further characterization of the collected fractions was performed by UPLC-qTOF-MS in order
to obtain high mass accuracy and fragmentation information. Fractions chosen for UPLC-
qTOF-MS  analysis  with  the  main  ion  are  shown  on  table  3.  For  unextractable  fraction
molecular characterization of the compounds in the collected fractions was not done in this
thesis due to lack of time and will be done later on.
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Table 4. Fractions chosen based on their purity for further analysis with qTOF and the m/z
value of the main ion it contains
Extractable Fraction m/z Unextractable fraction m/z
5 339 6 331
6 867 7 331
7 469 8 331
8 387 9 183
9 721 11 329
10 472 14 313
13 412 15 313
14 506 16 359
16 305 17 732
17 557 22 698
18 305 27 645
21 360 28 645
22 485 29 645





5.5. Identification of the isolated compound in extractable fraction no. 9
Identification of the collected compounds was done based on one and two dimensional NMR
data and accurate mass and fragmentation data from UPLC-qTOF-MS. Four of the collected
fractions from the extractable bran fraction were chosen based on their purity in iontrap
mass spectrometry to be evaluated by NMR for the possibility of full structure elucidation.
One molecule in fraction 9 was found to be suitable for full elucidation, but the other three
fractions showed impurities in 1H spectrum and were not pure enough for full identification
because of the overlapping signals in NMR.
5.5.1.  Accurate mass and elemental composition
Accurate mass measurement by qTOF-MS for the molecular ion in fraction 9 gave a result of
721.2192 Da. For elemental composition calculation elements were limited to carbon,
hydrogen and oxygen based on the assumption, that an odd numbered molecular ion does
not  contain  nitrogen.  The  other  possibility  for  nitrogens  in  this  molecule  would  be  that  it
contains an even number of nitrogen atoms. If the nitrogen atoms would not have been
excluded from the elemental composition calculations, the results from the calculations
could be different.  The obtained elemental composition for the molecular ion was C30H42O20
with excellent isotopic fitting, meaning that the measured isotopic distribution and
abundance of the molecule corresponds to the theoretical ones. Isotopic fitting of elemental
composition for molecular ion in fraction 9 is shown in figure 11.
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Figure 11. Isotopic fitting of elemental composition for ion 721.2192. The red box is the
theoretical isotopic abundance of the compound and the black line the measured one.
The molecular formula corresponds to an exact mass of 722.2269 Da and 721,2197 Da for
calculated  M-H,  which  differs  from  the  observed  mass  only  by  0,0005  Da.  A  search  from
databases  with  the  molecular  formula  and  exact  mass  yielded  a  few  molecules,  and  a
comparison between these molecules and fragmentation data finally led to one tentative
molecule, later on referred as molecule 1 (M1) (61). The molecule consists of a ferulic acid
substituent connected to a sugar backbone which consists of four five carbon sugars. The
proposed structure and connections between sugar units and ferulic acid moiety for
molecule M1 are illustrated in figure 12.
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Figure 12. The proposed structure of M1
The suggested elemental composition of M1 corresponds a double bond equivalency (DBE)
value of 10, which was confirmed to be in accordance with the molecular structure as
postulated  after  NMR  (see  chapter  5.5.3).  DBE  is  a  calculated  value  that  estimates  the
saturation state of the molecule and the result from the DBE calculation gives the number of
rings and double or triple bonds in a molecule. Additionally it can also be regarded as the
number  of  H2 –molecules  that  would  have  to  be  added  to  a  molecule  to  convert  it  to  a
acyclic saturated structure.  One double bond or a ring in a molecule increases the DBE value
by 1 and one triple bond by 2 (62).
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5.5.2. MS/MS fragmentation
qTOF-MS/MS analysis was done with automatic fragmentation and it yielded a clear
fragmentation pattern. The fragmentation spectra of the molecular ion of M1 with fragment
numbers and –structures is shown in figure 13 and accurate masses and elemental
compositions of the fragments from MS/MS analysis are shown in table 5.
Figure 13. Fragmentation spectra of M1 with fragment numbers and the proposed fragment
structures.
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Table 5. Fragment numbers, accurate masses, elemental compositions and explanations for fragments of M1
Fragment Accurate mass (m/z) Elemental composition DBE Explanation
Molecular ion 721,2192 C30H41O20 10 M-H
F1 643,1896 C28H35O17 11
F2 571,1643 C25H31O15 10 Cleavage of one pyranose
F3 439,1274 C20H23O11 9 Cleavage of two pyranoses
F4 325,0917 C15H17O8 7 Cleavage of all three pyranoses
F5 265,0707 C13H13O6 7 Ferulic acid moiety with part of the opened furan ring
F6 193,0501 C10H9O4 6 Ferulic acid
F7 149,0452 C5H9O5 1 Pyranose
F8 131,0338 C5H7O4 2 Pyranose – H2O
F9 113,0244 C5H5O3 3 Pyranose - 2 x H2O
NOTE. Molecular structures of the fragments are illustrated in figure 14.
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All of the observed fragments can be explained with cleavages from the parent molecule
except for fragment 1 with the mass of 643 that could be formed thru a more complicated
rearrangement. The three smallest fragment ions, 7, 8 and 9, are different cleavages of one
pyranose ring with the initial deprotonation in the fragment. Fragment 9, with the mass of
113,0244, is a cleavage of a pyranose with two additional losses of water. These two water
losses lead to formation of double bonds in the fragment to correspond the calculated DBE
value of the fragment. Fragment 8 is similar with fragment 9 but it has undergone only one
loss of water and one formation double bond, and fragment 7 is the loss of a pyranose ring
with no losses of water or formation of double bonds. Fragment 6, with mass of 193,0501, is
a characteristic loss of ferulic acid. Fragment 5 is a little more complicated and it could be
due to a furanose ring opening in a way that leaves both, the oxygen from the furanose ring
and the hydroxyl substituent on the furanose ring, for the fragment. Fragments 2, 3 and 4
are different neutral losses of pyranose rings. Fragment 4 is a cleavage of all three pyranose
rings in a way that leaves the two glycosidic bond oxygens with protons from pyranose rings
to the fragment. Fragment 3 is cleavage of the two pyranose rings located in the anomeric
position of the furanose ring. In this case the glycosidic bond oxygen (with a proton from the
furan ring) is remained in the leaving group and a double bond is formed in the fragment to
yield the correct molecular formula and DBE. Fragment 2 is a similar loss than fragment 3,
but in this case only one pyranose ring is cleaved to yield the correct molecular formula and
DBE.
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5.5.3 Structure elucidation by NMR
Careful inspection of 1H, COSY, HSQC and HMBC data supported the proposed structure of
M1. In principle the proton spectrum of M1 can be divided into three parts. Aromatic and
double bond protons are found between six and eight ppm, alpha protons from sugar units
between 5 and 6 six ppm and ring protons between 3,2 and 4,7 ppm.  Also characteristic
signals, such as carbonyl carbon, can be found with a proper chemical shift on the ppm scale.
Ferulic acid and furan moiety were fully assigned based on 1H, HSQC and HMBC data and the
obtained chemical shifts are shown in table 6.
Table 6. Chemical shifts in ppm for ferulic acid and furan moiety
Ferulic acid 1H 13C Furan 1H 13C
1 1 5,552 108,775
2 7,23 111,495 2 3,929 79,395
3 149,627 3 4,179 81,466
4 148,987 4 3,929 79,341






The structure of the pyranose rings could not be verified with the obtained NMR data due to
overlapping  signals  and  correlations,  but  the  chemical  shifts  of  both  protons  and  carbons
refers to sugar moieties. Inspection of HMBC and HSQC strongly suggests that the sample
contained impurities and isomers which interfered the correlations in the two dimensional
spectras. The proton spectrum of M1 is displayed in figure 14, COSY in figure 15, HSQC in
figure 16 and HMBC in figure 17.
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Figure 14. Proton spectrum of M1
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Figure 15. COSY for M1
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Figure 16. HSQC for M1
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Figure 17. HMBC for M1
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5.6 Other isolated compounds from the extractable fraction
Based on the fragmentation pattern of the identified molecule M1 we were able to
recognize compounds from the qTOF chromatogram of the whole extractable fraction,
which seemingly belonged to the same family as M1. Two abundant molecules, which had
similar fragmentation pattern as M1 were identified based on MS and MS/MS data and with
chromatographic information. Basepeak abundances and chromatographic properties
between M1 and the two other compounds can be reviewed from a qTOF chromatogram in
figure 18.
Figure 18. qTOF chromatogram for the whole extractable fraction and base peak ion
chromatograms for M1, M2 and M3.
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5.6.1 Molecule with m/z of 589
Accurate  mass  measurement  for  one  of  the  molecules  with  qTOF-MS  gave  a  result  of
589,1778 Da for the molecular ion. The calculated elemental composition for this molecule
was C25H34O16 (later on referred as M2) which corresponds to an exact mass of 590,1851 Da
for  the  molecule  and  589,1774  Da  for  the  molecular  ion  which  differs  from  the  observed
value  by  0,0004  Da.  The  elemental  composition  of  the  molecule  M2  gives  a  DBE  of  9.
Fragmentation of the molecular ion was done with automatic fragmentation and the
fragments and their elemental compositions are shown in table 7.







Molecular ion 589,1778 C25H33O16 9 M-H
F1 439,1246 C20H23O11 9 Celavage of one pyranose
F2 325,0929 C15H17O8 7 Cleavage of both pyranoses
F3 265,0712 C13H13O6 7 Ferulic acid moiety with part of the opened furan ring
F4 193,0504 C10H9O4 6 Ferulic acid
F5 131,0345 C5H7O4 2 Pyranose - H2O
F6 113,0240 C5H5O3 3 Pyranose - 2 x H2O
The difference between molecular formulas of M2 and M1 is C5H8O4 which corresponds to a
difference of one pentose ring from M1. This deduction is also supported by DBE. For M1
DBE is 10 and for M2 it is 9, meaning that M2 has one less ring or double bond than M1. All
six fragments found from fragmentation spectra of M2 were also present in M1
fragmentation spectra and also fragment formulas from both molecules are identical. This
mass  spectral  data  refers  to  a  molecule  which  is  similar  with  M1  with  the  absence  of  one
pentose ring. Also the elution order of M1 and M2 supported the findings done from mass
spectroscopic data. M1 eluted before M2 as can be expected because it has a longer sugar
chain  in  its  structure.  A  search  from  database  resulted  a  molecule  that  has  the  structure
proposed above and is shown in figure 19. The location of the ferulic acid moiety in the
molecular structure cannot be determined based on MS analysis, and the scheme in figure
19 is thus only tentative.
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5.6.2 Molecule with m/z of 853
Accurate mass measurement for the other molecule with qTOF-MS gave a result of 853,2620
Da for the molecular ion. The calculated elemental composition for this molecule was
C35H50O24 (later on referred as M3) which corresponds to an exact mass of 854,2692 Da for
the molecule and 853,2619 Da for the molecular ion which differs from the observed value
by 0,0001 Da. The elemental composition of the molecule M3 gives a DBE of 11.
Fragmentation of the molecular ion was done with automatic fragmentation and the
fragments and their elemental compositions are shown in table 8.






Molecular ion 853,2620 C35H49O24 11 M-H
F1 721,2197 C30H41O20 10 Cleavage of one pyranose
F2 589,1774 C25H33O16 9 Cleavage of two pyranoses
F3 325,0929 C15H17O8 7 Cleavage of all four pyranoses
For M3, the difference in molecular formula when compared to M1 is also C5H8O4 which in
this case corresponds to a molecule with an extra pentose ring in it. Also the DBE (M3 = 11
and M1 = 10) supports this deduction. M3 had three major fragments in MS/MS
experiments. One fragment corresponded to M1, one M2 and third one had molecular
formula of C15H17O8, which is also found from M1 and M2. This data also refers to a molecule
which includes the structure of both M1 and M2 and has one more pentose ring than M1.
M3 also eluted before M1 and this also points to a molecule which has a longer sugar chain
than M1. A search from databases did not result any hits and the proposed structure for M3
based  on  mass  spectroscopic  data  is  shown  in  figure  20.  The  location  of  the  ferulic  acid
moiety in the molecular structure cannot be determined based on MS analysis, and the
scheme in figure 20 is thus only tentative.
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The aim of this study was to isolate and characterize novel compounds from processed rye
bran fractions. Methods used for isolation and characterization were semi-preparative HPLC,
UPLC-qTOF-MS analysis and 1- and 2-dimensional NMR.
We succeeded in isolation and characterization of several novel compounds from processed
rye bran fractions.  These characterized molecules are feruloylated polysaccharides which
consist of a ferulic acid moiety at the 5´-position of the furanose ring, which is further
connected to pyranose rings. These proposed structures correspond the structure of
feruloylated arabinoxylans, which are one of the main component of plant cell walls (63) and
an important component of the dietary fiber fraction of cereal grains (64). The role of the
ferulic acid substituent in the cell wall polysaccharide is to create a cross-link between
polysaccharides by forming a dimer with another ferulic acid side chain to provide structural
support to the cell wall and to limit its enzymatic degradation (65, 66). In rye bran the most
abundant phenolic acid is ferulic acid (67) and therefore the molecules isolated and
identified from the bran layer fit perfectly to the compound spectrum of rye and will provide
an important additive to it.
Our identification for the first molecule was made with accurate mass measurements by
qTOF-MS and by two dimensional NMR techniques, and the other two molecules were
identified based on their chromatographic properties and accurate mass measurements.
Even though the pyranose rings in the first molecule could not be fully verified with NMR,
the substitution of the furanose ring was confirmed. Close inspection of the NMR and mass
spectroscopic data clearly shows that the substituents in the furanose rings are sugars, and
taken  account  the  size  of  the  cleavages  and  the  location  of  the  NMR  signals  on  the  ppm
scale,  it  is  most  likely  that  the  proposed  structure  is  the  correct  one.  Similar  compounds,
with different number and configuration of pyranose rings have reported to be isolated at
least from maize, barley, bamboo, festuca and sugar beet. These compounds usually involve
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a furanose ring with a ferulic acid substituent at the 5´-position and the pyranose chain at 1´-
position of the furanose ring (68). To our knowledge, only one study of a feruloylated
arabinoxylan compound has been reported to have a similar disubstitution of the furanose
ring at 1´- and 2´-position with pyranose rings as the proposed structures in this thesis and
this identification was done with acidic hydrolysis from coastal Bermuda grass (69). The
rarity of such compounds and the fact that this is the first time such compounds are
identified from rye bran strongly underlines the novelty value of our findings.
Feruloylated arabinoxylans have been reported to have biological effects which could be
part of the positive health effects connected to a diet rich in whole grains. It has been shown
that feruloylated arabinoxylans stimulate the growth of bifidobacteria strain B. bifidum more
rapidly than feruloyl oligosaccharides (70), which have also been reported to promote the
growth of bifidobacteria (71). Effects of feruloylated arabinoxylans to oxidation of LDL have
been studied and it has been shown that the inhibiting effect of feruloylated arabinoxylans
to oxidation of LDL is stronger than of free ferulic acid or that of a well known antioxidant
vitamin-E (72). Also the differences between the inhibiting efficiency of feruloylated
arabinofuranose and –arabinoxylose was tested and results showed arabinofuranose to have
a stronger inhibiting effect than the arabinoxylose with a longer sugar chain (72). Also the
absorption of ferulic acid arabinofuranose to the circulation system, in a biotransformed
form, from the digestive track of a rat was confirmed in the same study. The fact, that the
effect of a feruloylated arabinofuranose to the oxidation of LDL has been verified and that it
can be absorbed to the circulation system in a biotransformed form could be one of the
mechanisms behind the lowered risk of cardiovascular diseases when the intake of whole
grain is elevated.
Our separation methods proved to be efficient for isolation of novel compounds from rye
bran fractions but we still could have benefitted from using of more separation steps.
Introducing one extraction step, such as pH dependent extraction, before semi-preparative
chromatography or adding another chromatographic separation step could have improved
the separation efficiency and possible yielded more novel and pure compounds for full
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structural characterization. Also our view to the content of the collected fractions with mass
spectrometry was quite limited due to using only negative ionization which favors carboxylic
acids and other species that easily undergo deprotonation. Using also positive ionization
would have given us information also on other species, like amines, that undergo
protonation. Nonetheless we must bear in mind that not all molecules undergo ionization
and show characteristics in mass spectrum and therefore the only way to verify the
compound spectrum of the collected fraction is to analyze it with NMR.
The fractions collected in this thesis provide a good starting point for future
characterizations of novel molecules. The collected fractions can be further purified with
preparative HPLC and will most probably result molecules that will be pure enough for
analysis with NMR. Also great amounts of accurate mass- and fragmentation data were
gathered during this thesis and looking deeper into it could reveal more information on
compounds  that  these  rye  bran  fractions  contain.   Also  the  ethanol  extract  from
unextractable fraction has not been reported to be analyzed and it would be interesting to
compare this extract to the ethyl acetate extract that was used for isolation in this study.
Our approach to the chemical composition of rye bran was quite narrow due to the
preparation of the initial sample material and yet still the chromatographic regions were rich
in unidentified compounds. To clarify the relation between the positive health effects and
the increased intake of rye, it will be mandatory to explore the chemical composition of rye
in  more  detail  for  future  testing.  In  this  field  metabolomics,  with  accurate  mass
spectrometrys and NMR, serves as an invaluable tool which enables the identification of
compounds which were beyond the capabilities of the older generation instruments.
60
7. LITERATURE
1. Goodacre R. Metabolomics – the way forward. Metabolomics, 2005, 1(1), 1-2
2. Seger C., Sturm S. Analytical aspects of plant metabolite profiling platforms: current
standings and future aims. Journal of proteome research, 2007, 6, 480-497.
3. Hagel J.M., Facchini P. J. Plant metabolomics: analytical platforms and integration
with functional genomics. Phytochemistry reviews, 2008, 7, 479-497.
4. Oliver S. G., Winson M. K., Kell D. B., Baganz F. Systematic functional analysis of the
yeast genome. Trends in biotechnology, 1998, 16, 373-378.
5. Dunn W.B., Ellis D.I. Metabolomics: Current analytical platforms and methodologies.
Trends in analytical chemistry, 2005, 24(4), 285-294.
6. Hall  R.  D.  Plant  metabolomics:  from  holistic  hope  to  hype,  to  hot  topic.  New
phytologist, 2006, 169: 453-468.
7. Dunn W.B., Broadhurst D.I., Atherton H.J., Goodacre R. and Griffin J.L. System level
studies of mammalian metabolomes: the roles of mass spectrometry and nuclear
magnetic resonance spectroscopy. Chemical society reviews, 2011, 40(1): 387-426.
8. Hartmann T., Kutchan T. M., Strack D. Evolution of metabolic diversity.
Phytochemistry, 2005, 66, 1198-1199.
9. Ryan D., Robards K. Analytical chemistry conciderations in plant metabolomics.
Separation and purifications reviews, 2006, 35, 319-356.
10. Maloney V. BioTeach Journal, 2004, 2, 92-99.
61
11. Roberts M. F., Wink M. Alkaloids: biochemistry, ecology, and medicinal applications.
Plenum press New York 1998. ISBN 0-306-45465-3.
12. Fiehn O. Metabolomics – the link between genotypes and phenotypes. Plant
molecular biology, 2002, 48, 155-171.
13. Harrigan G.C., Goodacre R. Metabolic profiling: its role in biomarker discovery and
gene function analysis. Kluwer academic publisher, 2004.
14. Villas-Bôas S.G., Mas S., Åkesson M., Smedsgaard J. and Nielsen J. Mass spectrometry
in metabolome analysis. Journal of mass spectrometry reviews, 2005, 24, 613-646.
15. Raamsdonk L. M., Teusink B., Broadhurst D., Zhang N., Hayes A., Walsh M. C., Berden
J. A., Brindle K. M., Kell D. B., Rowland J. J., Westerhoff H. V., Dam K. V., Oliver S. G. A
functional genomics strategy that uses metabolome data to reveal the phenotype of
silent mutations. Nature Biotechnology, 2001, 19, 45-50.
16. Pasikanti K., Norasmara J., Cai S., Mahendran R., Esuvaranatha K., Ho P., Chan E.
Metabolic footprinting of tumorigenic and nontumorigenic uroepithelial cells using
two-dimensional gas chromatography time-of-flight mass spectrometry. Analytical
and bioanalytical chemistry, 2010, 398:3, 1285-1293.
17. Aussenac J., Chassagne D., Claparols C., Charpentier M., Duteurte B., Freuillat M.,
Charpentier C. Purification method for the isolation of monophosphate nucleotides
from champagne wine and their identification by mass spectrometry. Journal of
chromatography A, 2001, 907, 155-164.
18. Sabatine S. M., Liu E., Morrow D. A., Heller E., McCarrol R., Wiegand R., Berriz G. F.,
Roth  F.  P.,  Gerszten  R.  E.  Metabolomic  identification  of  novel  biomarkers  in
myocardial ischemia. Circulation, 2005, 112, 3868
62
19. Oberbach A., Bluher M., Wirth H., Till H., Kovacs P., Kullnick Y., Schlichting N., Tomm
J., Rolle-Kampczyk U., Murugaiyan J., Binder H., Dietrich A., von Bergen M. Combined
proteomic  and  metabolomic  profiling  of  serum  reveals  association  of  the
complement system with obesity and identifies novel markers of body fat mass
changes. Journal of proteome research, 2011, 10:10, 4769-4788.
20. Ellis D.I., Goodacre R. Metabolic fingerprinting in disease diagnosis: biomedical
applications of infrared and raman spectroscopy. The analyst, 2006, 131, 875-885.
21. Fancy  S-A.,  Beckonert  O.,  Darbon  G.,  Yabsley  W.,  Walley  R.,  Baker  D.,  Perkins  G.L.,
Pullen F.S., Rumpel K. Gas chromatography/flame ionization detection mass
spectrometry for the detection of endogenous urine metabolites for metabonomic
studies  and  its  use  as  a  complementary  tool  to  nuclear  magnetic  resonance
apectroscopy. Rapid communications in mass spectrometry, 2006, 20, 2271-2280.
22. Kopka J. Current challenges and developments in GC-MS based metabolite profiling
technology. Journal of biotechnology, 2006, 124, 312-322.
23. Linstrom P. J., Mallard W.G., Eds. NIST chemistry webbook, NIST standard reference
database number 69. National institute of standards and technology, Gaithsburg MD,
20899, http://webbook.nist.gov, (retrieved February 11, 2012).
24. Wang X., Sun H., Zhang A., Wang P., Han Y. Ultra-performance liquid chromatography
coupled to mass spectrometry as a sensitive  and powerful technology for
metabolomic studies. Journal of separation science, 2011, 34, 3451-3459.
25. Zhou J-L., Qi L-W., Li P. Herbal medicine analysis by liquid chromatography/time-of-
flight mass spectrometry. Journal of chromatography A, 2009, 1216, 7582-7594.
26. Wolfender J-L., Ndjoko K., Hostettmann K. Liquid chromatography with ultraviolet
absorbance-mass spectrometric detection and with nuclear magnetic resonance
spectroscopy: a powerful combination for the on-line structural investigation of plant
metabolites. Journal of chromatography A, 2003, 1000, 437-455.
63
27. Saito K., Dixon R.A., Willmitzer L. Biotechnology in agriculture and forestry 57: Plant
metabolomics. Springer-Verlag, Berlin Heidelberg 2006.
28. Kim  H.  K.,  Choi  Y.  H.,  Verpoorte  R.  NMR-based  plant  metabolomics:  where  do  we
stand, where do we go? Trends in biotechnology, 2011, 29, 6, 267-275.
29. Mäkinen V. P., Tynkkynen T., Soininen P., Peltola T., Kangas A. J., Forsblom C., Thorn
L. M., Kaski K., Laatikainen R., Ala-Korpela M., Groop P. H. Metabolic diversity of
progressive kidney disease in 325 patients with type 1 diabetes (the FinnDiane
Study). Journal of proteome research, 2012, 11, 1782-1790.
30. Wurtz P., Raiko J. R., Magnussen C. G., Soininen P., Kangas A. J., Tynkkynen T.,
Thomson R., Laatikainen R., Savolainen M. J., Laurikka J., Kuukasjärvi P., Tarkka M.,
Karhunen P. J., Jula A., Viikari J. S., Kähönen M., Lehtimäki T., Juonala M., Ala-Korpela
M., Raitakari O. T. High-thoughput quantification of circulating metabolites improves
prediction of subclinical atherosclerosis. European heart journal, 2012, epublication.
31. Wishart D. S. Advances in metabolite identification. Bioanalysis, 2011, 3(15), 1769-
1782.
32. Reynolds W. F., Enrìquez R. G. Choosing the best pulse sequences, acquisition
parameters, postaquisition processing strategies, and probes for natural product
structure elucidation by NMR spectroscopy. Journal of natural products, 2002, 65,
221-244.
33. Marston A., Hostettmann K. Natural product analysis over the last decades. Planta
medica, 2009, 75, 672-682.
34. Kind T., Fiehn O. Advances in structure elucidation of small molecules using mass
spectrometry. Bioanalytical reviews, 2010, 2, 23-60.
64
35. Stroh J. G., Petucci C. J., Brecker S. J., Huang N., Lau J. M. Automated sub-ppm mass
accuracy  on  an  ESI-TOF  for  use  with  drug  discovery  compound  libraries.  Journal  of
American society for mass spectrometry, 2007, 18, 1612-1616.
36. Hu Q., Noll R. J., Li H., Makarov A., Hardman M., Cooks G. The Orbitrap: a new mass
spectrometer. Journal of mass spectrometry, 2005, 40, 430-443.
37. Lu W., Bennet B. D., Rabinowitz J. D. Analytical strategies for LC-MS-based targeted
metabolomics. Journal of chromatography B, 2008, 871, 236-242.
38. http://metlin.scipps.edu
39. Glish G. L., Vachet R. W. The basics of mass spectrometry in the twenty-first century.
Nature reviews drug discovery, 2003, 2, 140-150.
40. Kwan  E.  E.,  Shaw  G.  H.  Structural  elucidation  with  NMR  spectroscopy:  Practical
strategies for organic chemists. European journal of organic chemistry, 2008, 2671-
2688.
41. Bilia A. R., Bergonzi M. C., Mazzi G., Vincieri F. F. Analysis of plant complex matrices
by use of nuclear magnetic resonance spectroscopy: St. John´s wirt extract. Journal of
agricultural and food chemistry, 2001, 49, 2115-2124.
42. Cos  A.,  Vlietinck  A.  J.,  Berghe  D.  V.,  Maes  L.  Anti-infective  potential  of  natural
products:  How  to  develop  a  stronger  in  vitro  proof-of-concept.  Journal  of
ethnopharmacology, 2006, 106, 290-302.
43. Sasidharan S., Chen Y., Saravanan D., Sundram K. M., Latha L. Y. Extraction, isolation
and characterization of bioactive compounds from plants´extracts. African journal of
traditional, complementary and alternative medicine, 2011, 8(1), 1-10.
44. Huie C. W. A review of modern sample-preparation techniques for the extraction and
analysis of medicinal plants. Analytical and bioanalytical chemistry, 2002, 373, 23-30.
65
45. Romanik G., Gilgenast E., Przyjazny A., Kaminski M. Techniques of preparing plant
material for chromatographic separation and analysis. Journal of biochemical and
biophysical methods, 2007, 70, 253-261.
46. Villas-Bôas S. G., Roessner U., Hansen M. A. E., Smedsgaard J., Nielsen J. Metabolome
analysis. An introduction. Wiley-Interscience 2007.
47. Sarker S. D., Latif Z., Gray A. I. Natural products isolation. Humana press, 2006.
48. Huber U. Majors R. E. Principles in preparative HPLC. Agilent technologies, 2007,
publication number 5989-6639EN.
49. Dykes L., Rooney L. W. Phenolic compounds in cereal grains and their health benefits.
Cereal Foods World, 2007, 52:3, 105-111.
50. Jones J. M. Grain-based foods and health. Cereal foods world, 2006, 51:3, 108-113.
51. Pietinen P., Rimm E. B., Korhonen P., Hartman A. M., Willet W. C., Albanes D.,
Virtamo  J.  Intake  of  dietary  fiber  and  risk  of  coronary  heart  disease  in  a  cohort  of
finnish men. The alpha-tocopherol, beta-carotene cancer prevention study.
Circulation, 1996, 94:11, 2720-2727.
52. Zhang J. X., Hallmans G., Landström M., Bergh A., DamberJ. E., Aman P., Adlercreutz
H. Soy and rye diets inhibit the development of Dunning R3327 prostatic
adenocarsinoma in rats. Cancer letter, 1997, 114:1-2, 313-314.
53. Leinonen K. S., Poutanen K. S., Mykkänen H. M. Rye bread decreases serum total and
LDL cholesterol in men with moderately elevated serum cholesterol. The journal of
nutrition, 2000, 130, 164-170.
66
54. Hanhineva K., Rogachev I., Aura A-M., Aharoni A., Poutanen K., Mykkänen H.
Identification of novel lignans in the whole grain rye bran by non-targeted LC-MS
metabolite profiling. Metabolomics in press 2011.
55. Natella F., Nardini M., Di Felice M., Scaccini C. Benzoic and cinnamic acid derivatives
as antioxidants: structure – activity relation. Journal of agricultural and food
chemistry, 1999, 47, 1453-1459.
56. DArchivio M., Filesi C., Di Benedetto R., Gargiulo R., Giovannini C., Masella R.
Polyphenols, dietary sources and bioavailability. Ann Ist Super Sanita, 2007, 43:4,
348-361.
57. Mattila  P.,  Pihlava  J.  M.,  Hellström  J.  Contents  of  phenolic  acids,  alkyl-  and
alkenylresorcinols, and avenanthramides in commercial grain products. Journal of
agricultural and food chemistry, 2005, 53, 8290-8295.
58. Nyström L., Lampi A-M., Andersson A. A. M., Kamal-Eldin A., Gebruers K., Courtin C.
M., Delcour J. A., Li L., Ward J. L., Fras A., Boros D., Rakszegi M., Bedo Z., Shewry P. R.,
Piironen V. Phytochemicals and dietary fiber components in rye varieties in the
HEALTHGRAIN diversity screen. Journal of agricultural and food chemistry, 2008, 56,
9758-9766.
59. Hanhineva K., Rogachev I., Aura A-M., Aharoni A., Poutanen K., Mykkänen H.
Qualitative characterization of benzoxazinoid derivatives in whole grain rye and
wheat by LC-MS metabolite profiling. Journal of agricultural and food chemistry,
2011, 59, 921-927.
60. Aura  A.-M.,  Myllymäki  O.,  Bailey  M.,  Penalvo  J.,  Adlercreutz  H.,  Poutanen  K.
Interrelationships between carbohydrate type, phenolic acids and initial pH on in
vitro conversion of enterolactone from rye lignans. In Dietary Fiber Components and




62. Badertscher M., Bischofberger K., Munk M. E., Pretsch E. A novel formalism to
characterize the degree of unsaturation of organic molecules. Journal of chemical
information and computational science, 2001, 41, 889-893.
63. Fry, S.C. The growing plant cell wall: chemical and metabolic analysis. Caldwell: The
Blackburn Press, 1st ed., 1988.
64. McCleary B. V. Dietary fibre analysis. Proceedings of the nutrition society, 2003, 62,
3-9.
65. Grabber J. H., Ralph J., Hatfield R. D. Ferulate cross-links limit the enzymatic
degradation of synthetically lignified primary walls of maize. Journal of agricultural
and food chemistry, 1998, 46, 2609-2614.
66. Grabber J. H., Ralph J., Hatfield R. D. Diferulate cross-links impede the enzymatic
degradation of non-lignified maize walls. Journal of the science of food and
agriculture, 1998, 77, 193-200.
67. Gallardo C., Jimenez L., Garcia-Conesa M.-T. Hydroxycinnamic acid composition and
in vitro antioxidant activity of selected grain fractions. Food chemistry, 2009, 99, 455-
463.
68. Ishii T. Structure and functions of feruloylated polysaccharides. Plant science, 1997,
127, 111-127.
69. Himmelsbach D.S., Hartley R.D., Borneman W.S., Poppe L., Halbeek van H. Structure
of a feruloylated arabinoxylan tetrasaccharide that contains the ?-D-Xylp-(1?2)-?-L-
68
Araf element by 1H and 13C NMR spectroscopy. Magnetic resonance in chemistry,
1994, 32, 158-165.
70. Xiaoping Y., Wang J., Yao H. Feruloyl oligosaccharides stimulate the growth of
Bifidobacterium bifidum. Anaerobe, 2005, 225-229.
71. Crittenden R., Karppinen S., Ojanen S., Tenkanen M., Fagerströn R., Mättö J., Saarela
M., Mattila-Sandholm T., Poutanen K. In vitro fermentation of cereal dietary fibre
carbohydrates by probiotic and intestinal bacteria. Journal of the science of food and
agriculture, 2002, 82, 781-789.
72. Ohta T., Semboku N., Kuchii A., Egashira Y., Sanada H. Antioxidant activity of corn
bran cell-wall fragments in the LDL oxidation system. Journal of agricultural and food
chemistry, 1997, 45, 1644-1648.
